Volcanic ash can cause critical air pollution events and other impacts. Atmospheric transport models are pivotal for modeling volcanic ash dispersion. The Planetary Boundary Layer (PBL) -the turbulent atmospheric bottom part which operates on scales that cannot be explicitly represented in models -strongly influences the dispersion of pollutants. We simulated the meteorology over Ecuador, using the Weather Research and Forecasting (WRF3.7.1) model with 7 PBL schemes: (1) Yonsei University (YSU); (2) Mellor-Yamada-Janjic (MYJ); (3) Hong and Pan (GFS); (5) MellorYamada Nakanishi and Niino Level 2.5 (MYNN2.5); (6) Boulac PBL (BL); and (7) Shin-Hong (SH). After, the meteorological outputs were ingested into the FALL3DV7.1.4 model to simulate ash dispersion and sedimentation from 4 eruptions (Tungurahua volcano: 16 Dec. 2012, 14 Jul. 2013 and 1 Feb. 2014) (Cotopaxi volcano: 14 Aug. 2015) which took place in Ecuador in the last 6 years. Modeled ash clouds were qualitative compared with ash clouds detected by the Washington VAAC. Modeled ash fallout quantities were compared with records from ash meters located on stations around these volcanoes. For all the eruptions and all the PBL schemes, the modeled ash clouds were fairly consistent with the detected. The MYJ PBL scheme provided the best performance (R2 ≥ 0.5 for all the eruptions) in modeling ash fallout quantities. In other assessments, MYJ is among the PBL schemes that provided better performances when modeling the dispersion of air pollutants. These results suggest the MYJ PBL scheme could be a good choice both for volcanic ash and air quality modeling in the Andean region of Ecuador.
INTRODUCTION
Volcanic ash can cause critical air pollution events and other significant impacts [1] . To protect public health and improve risk management, regions potentially affected should rely on information regarding the possible ash dispersion trajectories and ground sedimentation patterns (e.g. [2] , [3] ).
Ash emitted during explosive eruptions is dispersed by prevailing winds. Atmospheric Transport Models (ATMs) are pivotal for modeling volcanic ash dispersion and sedimentation (e.g. [4] - [6] ). One of the components of any ATM is the meteorological driving model, which describes the state and evolution of the atmosphere in which the volcanic ash is introduced.
One meteorological parameter that influences in the dispersion and deposition of volcanic ash, is the Planetary Boundary Layer (PBL). The PBL is the bottom part of the atmosphere, which is influenced directly by the Earth's surface, and responds with a timescale of one hour or less [7] . The PBL depth can vary from a few tens of meters early in the day, to several kilometers by midday [8] .
Turbulence is the dominant mechanism that transmits surface forcing throughout the PBL. Turbulence operates on scales that cannot be explicitly represented on grid scales and time steps used in most mesoscale models [9] . Hence, its effects are expressed in modeling trough PBL parameterization schemes. There are two major components by which turbulence is represented in numerical weather models: (1) the order of turbulence closure; (2) the use of a local or nonlocal mixing approach. Details of these two components are described in [10] , [11] . Additionally there are different approaches in defining the PBL depth, as prescribed thresholds of the turbulent kinetic energy (TKE) or of the Richardson bulk number (Rib) [12] . Hence, PBL schemes can provide different PBL depths for the same region of modeling, affecting the dispersion of pollutants (e.g. [11] ). They need to be assessed, especially in places where turbulent processes are particularly complex, such as the Andean region of Ecuador.
The (Fig. 1) . Since the beginning of its current activity in October 1999, ash fallout has been the most frequent and widespread volcanic hazard [13] , [14] . Based on seismic-acoustic signals from this volcano, some of the current explosive onsets have been characterized as vulcanian [15] . Based on field and numerical studies, Eruption Source Parameters (ESP) were proposed for forecasting ash dispersion and sedimentation from vulcanian eruptions at Tungurahua [6] .
On 14 August 2015, Cotopaxi volcano (Lon. 78.436° W, Lat. 0.677° S; 5897 m asl, (Fig.  1) ) awoke with its first eruption in 73 years, after approximately four months of precursory activity [16] , [17] . Cotopaxi is an ice-capped stratovolcano located about 50 km south of Quito (capital of Ecuador (Fig. 1)) . During 2015 the eruption activity, characterized by lowintensity ash venting, continued unevenly until the beginning of December [18] .
This study assesses the performance in modeling the dispersion and sedimentation of volcanic ash in Ecuador, using different PBL schemes. [19] , though a master domain of 80 × 80 cells (each of 36 × 36 km) and two nested subdomains ( Fig. 1) , the second of which covers Ecuador with 199 × 199 cells (4 km horizontal resolution) and 35 vertical levels (model top pressure at 50 hPa, 22 km approximately). Initial and boundary conditions came from the GFS forecasts dataset [20] . Meteorological simulations were done considering 7 PBL schemes for WRF: (1) Yonsei University (YSU); (2) Mellor-Yamada-Janjic (MYJ); (3) Hong and Pan (GFS); (5) MellorYamada Nakanishi and Niino Level 2.5 (MYNN2.5); (6) Boulac PBL (BL); and (7) ShinHong (SH). Table 1 shows a summary of their features. After, the meteorological outputs, one of them being the PBL depth, were ingested into the FALL3DV7.1.4 [21] model to simulate ash dispersion and sedimentation from the 4 volcanic eruptions. Some of the options chosen for the ash dispersion simulations were: the surface layer option for vertical turbulence diffusivity, CMAQ for horizontal diffusion and Ganser for terminal velocity.
Modeled ash clouds were qualitative compared with ash clouds detected by the Washington Volcanic Ash Advisory Center (Washington VAAC) at different Flight Levels (FLs), the last based on satellite imagery, pilot reports and observatory information [22] . FLs are delivered in 100 feet units, measured above mean sea level when the pressure at sea level is 1013.2 mb (e.g. FL300 = 30 000 feet, ≈ 9.1 km).
Modeled ash fallout quantities were compared with records from ash meters located on stations around these volcanoes (4 for Tungurahua, 14 for Cotopaxi), which are operated by the Instituto Geofísico de la Escuela Politécnica Nacional [6] , [18] .
RESULTS
For all the eruptions and all the PBL schemes, the modeled ash clouds were fairly consistent with the detected. For example, Figs 2 and 3 show some detected ash clouds and the corresponding modeled results, when using the MYJ PBL scheme.
For the Tungurahua eruption on 16 Dec. 2012, at 12h15 Universal Time (UT), the detected ash cloud at FL400 was moving W, in the same direction of the modeled at 12h00 UT, although at FL300. For the eruption on 14 Jul. 2013, at 16h15 UT the detected clouds at FL320 and FL450 were moving NW-N-NE, while the modeled at 16h00 UT were moving NW and N at FL300 and FL400 respectively. At this time, the modeled results show an ash cloud moving W at FL200, which was not detected by the Washington VAAC.
For the eruption on 1 Feb. 2014, at 23h15 UT, the detected clouds at FL230, FL400 and FL350, were moving SE, S and SW respectively, while the modeled clouds were moving S and SW.
Detected volcanic ash clouds
Modeled volcanic ash clouds For the Cotopaxi eruption on 14 Aug. 2015, at 23h15 UT, the detected ash clouds at FL400-FL500 and at FL360 were moving E and N respectively, the same directions of the corresponding modeled clouds at FL400 and at FL300. At this time, the modeled results show and ash cloud moving W at FL200, not detected by the Washington VAAC.
For all the eruptions at Tungurahua, the shape of the modeled ash clouds (at FL200, FL300 and FL400) using different PBL, were mostly similar. Nevertheless, for the eruption at Cotopaxi, although consistent, there were differences (Fig. 4) .
The modeled ash fallout for the Tungurahua eruptions on 16 Dec. 2012, 14 Jul. 2013 and 1 Feb. 2014 took place mainly toward N, W and SW of the vent respectively (Fig. 5) . The ash fallout for the Cotopaxi eruption on 14 Aug. 2015 took place mainly toward NW.
For all the eruptions, although modeling with different PBL schemes and the main direction of computed ash fallouts were the same (e.g. NW for the Cotopaxi eruption), there were differences in the final shape of the affected areas. The differences are mainly present in the ash fallout zones far from the vent. As example, Fig. 6 shows the modeled ash fallouts for the Cotopaxi eruption on 14 Aug. 2015.
The linear correlation coefficient (R 4 DISCUSSION AND CONCLUSIONS We used 7 PBL schemes for modeling the dispersion and sedimentation of 4 volcanic eruptions, which took place in Ecuador in the last 6 years.
In all cases, the modeled ash clouds were fairly consistent with the detected. For all the Tungurahua's eruptions the shape of modeled ash clouds, were mostly similar. Nevertheless, for the eruption at Cotopaxi, there were differences.
Although the PBL depth is involved in the vertical turbulence diffusion [30] , which is expected to have negligible influence in comparison with horizontal diffusion processes, the results of this study indicate the PBL schemes can provide different performances in modeling ash fallout quantities. For all the eruptions, although using different PBL schemes, the main direction of modeled ash fallouts were the same. Nevertheless, there were differences in the final shape of the affected areas, mainly in the ash fallout zones far from the vent.
The MYJ PBL scheme (local, 1.5 order of closure) reached the best average performance (R 2 = 0.68) in modeling ash fallout quantities for all the eruptions. In other assessments, MYJ is among the PBL schemes that provided better performance when modeling the dispersion of air pollutants in the Andean region of Ecuador [11] , [31] . These results suggest the MYJ PBL scheme could be a good choice both for volcanic ash dispersion and air quality modeling over this region.
When modeling vulcanian eruptions at Tungurahua, values of R Convective movements of the atmosphere promote the formation of clouds, which could not allow satellite tracking of ash plumes. Such a situation is highly probable in the Andean region of Ecuador, where convective wet air masses, as those coming from the coast and the Amazon regions or by the presence of the Intertropical Convergence Zone, typically promote the formation of clouds. In Ecuador and other regions with similar features, modeling could be particularly useful for a more complete description of volcanic ash dispersion and sedimentation processes. In cases as the eruptions on 14 Jul. 2013 and on 14 Aug. 2015, satellite sensors could detect volcanic ash only over the cloud layers, although the dispersion at bottom levels can happen in different way, producing the ash fallout toward different directions than observed by remote sensing.
In cases of eruptions with low column heights and during cloudy conditions, satellites could even not detect ash clouds. In these cases, the modeling approach can provide unique information about the regions potentially affected by ash fallout.
In the future, to improve the performance when modeling ash dispersion and sedimentation in Ecuador, it is necessary to explore the influence of other parameters as the influence of the terminal velocity model or ash aggregations processes. 
